A novel VSP imaging method that only requires a local velocity model around the well is presented. This method is denoted as a 'local migration', where the modelbased forward propagation and backward propagation operators are computed using a local velocity model between the well and the the target body. The velocity model for the complex overburden and salt body are not needed, and the source-side statics are automatically accounted for. All kinematic and dynamic effects, including anisotropy, absorption and other unknown/undefined rock effects outside of this local velocity model are automatically accounted for. Numerical tests on an acoustic 2D Sigsbee VSP data set, an elastic Schlumberger salt model, and a Gulf of Mexico VSP data set empirically validate the effectiveness of this method by accurately imaging the sediments next to the vertical well. No velocity model is needed outside the target area.
THEORY
The proposed strategy stems from the interferometric P p subsalt reflection migration (Figure 5 in Schuster et. al, 2004; ) and generalized diffraction stack migration (Schuster, 2002) . It uses the VSP data to form the migration Green's function and only requires a target-oriented local velocity model to perform backward wavefield extrapolation, which differs from the conventional reverse time migration (Baysal et al., 1983; Whitmore, 1983; Etgen, 1986) and other wavefield-continuation methods (Biondi, 2006) .
The key idea in local time migration is shown in Figure 1 (Figure 4 in Xiao and Schuster, 2006; Schuster, 2008) , where the VSP data D(g|s) can be decomposed into transmission T (g|s) and reflection arrivals R(g|s):
D(g|s) = T (g|s) + R(g|s).
(
The procedure for this local migration method is the following:
Step 1). Use a local velocity model near the well to backward project the reflections R(g|s) to the trial image point x ( Figure 1b) :
where G(x|g) is the local Green's function computed using the local velocity model around the VSP receiver g.
Step 2). Use the local Green's function G(x|g) to backward project the transmission events T (g|s) from the VSP receivers at g to the trial image point x ( Figure 1c ):
Step 3). Cross-correlate/deconvolve the reflections R(x|s) with the transmissions T (x|s) at the trial imaging point and then sum over all surface shots s to get the migration image m(x). In the frequency domain these operations take the form:
The key difference between this procedure and standard migration is that, here, the transmission waves are backprojected from the well to the nearby target while in standard migration they are forward modeled from the surface to the deep target. Backprojecting transmission waves from the well avoids the defocusing effects of propagating them through the salt and overburden with an inaccurate overburden velocity model. In this paper, all the backward projections and deconvolution imaging conditions (Zhang et al., 2003 (Zhang et al., , 2005 Deng and McMechan, 2007; Neklyudov and Borodin, 2007) are implemented in the time domain (Xiao and Schuster, 2008) , but for simplicity we show the equations in the frequency domain.
From the above theory, we see the following benefits of local migration: 1). Compared with conventional seismic migration, only the local velocity model around the VSP well is needed, where the local velocity model can be estimated from the well log. Here the complex overburden and salt body are ignored, so the distorting effects from an imperfect velocity model are prevented, e.g., misplaced salt boundaries, undetermined anisotropy, and other intrinsic rock effects. 2). Source-side statics are automatically accounted for (Xiao, 2008) , which can be useful for a land survey with variable topography and weathering zones. 3). It doesn't suffer from the interbed multiple artifacts introduced by strong reflectivity variations around the salt compared to conventional reverse time migration, because only the target-oriented local velocity model is used in the local reverse time migration. The method also accounts for turning waves from the surface source to the image points compared to conventional one-way wave-equation migration. But it suffers from the image artifacts introduced by data extrapolation from a sparse VSP receiver geometry. 4). Local reverse time migration has almost the same illumination aperture as standard VSP primary migration. Unlike the virtual source method (Bakulin and Calvert, 2004) , there is no need for the rays to pass through the receiver array twice to get the virtual source gather. 5). It is computationally inexpensive to perform for 4D monitoring around the well (e.g., hydrofracture imaging).
Only the local velocity model is used such that the computational cost is largely reduced in a finite-difference backward extrapolation scheme. The time samples can be also restricted in a small time interval which is sufficient for imaging around the small local target zone, which can be crucial for fast 3-D imaging. 6). Backward propagated transmissions and reflections are in phase at the reflector without the need for wavelet deconvolution (Xiao, 2008) . But the wavelet deconvolution should improve the image.
The main limitation of this method is the artifacts introduced by extrapolation from VSP receivers with limited aperture. Backward propagation requires a wide aperture of VSP receivers to accurately approximate the VSP Green's function at a trial imaging point.
NUMERICAL TESTS Acoustic Sigsbee VSP Data
The Sigsbee model shown in Figure 2 is used to test the local migration method. For this model we generated 279 surface shot gathers with shots evenly distributed along the right hand side of the well with a shot interval of 45.7 m; and there are 150 VSP receivers at 30 m depth intervals starting from the offset of 0 km. A 2-8 finite-difference solution to the 2D acoustic wave equation, with a free-surface boundary condition and absorbing boundary condition, is used to compute the seismograms with a 20-Hz peak frequency Ricker wavelet as the source wavelet.
The local velocity model inside the white dashed box in Figure 2 is used for a 2-2 staggered-grid finite-difference backward extrapolation of the VSP data D(g|s). Direct P arrivals are muted prior to the extrapolation of the reflections and a low-cut filter is used to remove the migration artifacts around the VSP borehole. The migration result in Figure 3 is overlayed on the local velocity model which is the dashed box in Figure 2 or the left solid box in Figure 3 . The subsalt reflector positions are correctly estimated, the fault and the diffractors are correctly imaged compared to the actual reflectivity model shown at the right handside of Figure 3 . Some deep layers are not well imaged as a result of a large dip angle (which limits the VSP illumination aperture). The imaged structures are not smooth enough due to the fact that we are using a grid size of 30 m by 30 m instead of 7.6 m by 7.6 m. Because the backward extrapolation is carried out laterally, there are some artifacts in this local image.
Elastic Schlumberger Salt Model
A 2D isotropic elastic salt model is shown in Figure 4 , with an ocean water layer along the top of the model. Here our goal is to image the steep salt boundaries at the bottom of the salt. The horizontal width and vertical depth of the model are 24.4 km and 10.7 km, respectively. There are 291 shots evenly distributed at 30.5 m intervals on the model's surface from the offset of 3 km to 12.2 km, and 287 two-component geophones are located in a deviated well with 15.2 m intervals buried from the depth (offset) of 4.3 km (0 m) to 8.5 km (914 m). A 2-8 finitedifference solution to the 2D elastic wave equation with a free surface condition is used to compute the seismograms with a 15-Hz peak frequency Ricker wavelet as the source wavelet.
We apply the local migration method to the 2-component VSP data using the 1-D velocity model from the well log. The upgoing events were deconvolved with the direct P wavefield at the trial image point and the local reverse time migration image is shown in Figure 5 . Careful wavefield separation reduces the migration artifacts to obtain a more accurate image.
Marine VSP Data
An offset VSP experiment was carried out by a seismic contractor in the Gulf of Mexico. Three 3-component common shot gathers were recorded at surface offsets of about 150 m, 600 m, 1500 m (Xiao et al., 2006) . The 150-m offset gather consists of 82 receivers located from the depths of 2.7 to 3.9 km at 15.3 m intervals. The 600 m and 1500 m offset shot gathers were recorded by 95 receivers located between the depths of 3 km to 4.5 km, with a geophone interval of 15.3 m. The P -wave velocity model is generated from the well information, and constant sediment velocities above the well control are assumed. The S-wave velocity model is estimated from the P S transmission and reflection traveltimes associated with the near-vertically incident P S waves. The P-to-S velocity ratios of 1.6 and 2.7 were used for the salt body and sediments, respectively. Prior to migration, the traces were rotated by maximizing the P -wave energy. This was first performed for the X-and Y-components, maximizing the energy on the X-component direct wave; then it was performed on the Z-and X-components, maximizing the Z-component direct wave energy. The events with the desired moveout velocity were picked and flattened; and the flattened gathers were median filtered, bandpass filtered, and then unflattened.
Only traces recorded by 39 subsalt receivers are used in the local reverse time migration. The localized 1D P-wave subsalt velocity model is used to estimated the 1D reflectivies at zero-offset with constant density. Only first arrivals are used in the backward propagation to approximate the transmission events at the trial image point x. Direct arrivals are muted prior to the migration, and the migration results are shown in Figures 6 and 7 . The same gains are applied to the images with and without deconvolution imaging conditions. The deconvolution imaging condition reduces the migration artifacts in the subsalt image, and a derivative filter is used to remove the reverse time migration artifacts (Guitton, 2006) . A reasonable correlation between the migration images obtained from the three shot gathers can be found even with a 1D velocity model. Possible faults are suggested by the dashed line in Figures 6 and 7 , but more shots are needed to validate this conjecture.
CONCLUSIONS
We have presented a method for target-oriented VSP migration that only needs a local velocity model near the target and retains the original illumination aperture. All kinematic and dynamic effects, including the anisotropy, absorption and all other unknown/undefined rock effects outside of this local velocity model are automatically accounted for if the VSP recording aperture is wide enough. The numerical tests on acoustic 2D Sigsbee VSP data, elastic Schlumberger VSP data, and a Gulf of Mexico VSP data set validate the effectiveness of this method. Future work should focus on 3D field data tests with careful analysis in optimizing wavelet deconvolution, and assessing the sensitivity of this method with respect to finite aperture effects in the VSP recording geometry.
Our synthetic and field data tests demonstrated the following characteristics of local migration: 1). This novel VSP migration method only requires a local subsalt velocity model, which can be estimated from the well log. Distorting effects from an imperfect overburden and salt velocity model are prevented even with a 1D subsalt sediment model that is used for migration. 2). Source-side statics and anisotropic effects in the overburden are automatically accounted for. 3). Local reverse time migration overcomes the dip angle limitation (e.g., near-vertical salt flank) in the virtual source method, and illuminates horizontal subsalt reflectors around a vertical well. 4). The deconvolution imaging condition reduces migration artifacts and provide a more accurate migration image. 5). This local migration method can be generalized to hydrofracture imaging, which is very important for 4D monitoring of reservoirs and prospect evaluation. In this case the drill bit vibrations can be used to obtain the 'VSP Green's function' and the hydrofracture locations can be estimated by the extrapolated local Green's function (Cao et al., 2007) . Finally we thank Brian Hornby and Sverre BrandsbergDahl in BP America for their collaborative work in CDP + VSP joint imaging (Schuster, 2002; Brandsberg-Dahl et al., 2007) . 
